The applicability of electron diffraction tomography to the structure solution and refinement of charged, discharged or cycled metal-ion battery positive electrode (cathode) materials is discussed in detail. As these materials are often only available in very small amounts as powders, the possibility of obtaining single-crystal data using electron diffraction tomography (EDT) provides unique access to crucial information complementary to X-ray diffraction, neutron diffraction and high-resolution transmission electron microscopy techniques. Using several examples, the ability of EDT to be used to detect lithium and refine its atomic position and occupancy, to solve the structure of materials ex situ at different states of charge and to obtain in situ data on structural changes occurring upon electrochemical cycling in liquid electrolyte is discussed.
Introduction
Rechargeable lithium ion batteries (LIB) are already a cornerstone of our current high-technological society, by powering our portable devices. However, the currently used LIBs degrade with time, have too low-energy density for really satisfactory use in automotive industry and too high risk for runaway processes for applications in large storage facilities. In order to improve the energy density, power and safety and to reduce cost per kWh of stored energy, new positive electrode (cathode) materials are continuously sought, not only for Li-ion intercalation systems, but with increasing efforts for Na-ion and even K-ion ones. To perfectly target this quest, we need thorough knowledge on how the crystal structure of a cathode responds to alkali metal (de)intercalation, whether these changes are reversible, how they are accumulated with the number of cycles and what is the relation between these changes and deterioration of the electrochemical performance.
Unfortunately, electrochemically charged and discharged metal-ion battery cathode materials pose several practical problems for structural studies. The main tools for retrieving the crystallographic information from polycrystalline matter are synchrotron X-ray and neutron diffraction, which are already mastered almost to perfection. Their combined use resolves very complex structures and detects even very fine incommensurate displacements of such light elements as lithium and oxygen (Abakumov et al., 2013) . However, the power of these techniques greatly depends on the sample quality, which is far from optimal for the electrode materials extracted from electrochemical cells for ex situ diffraction studies. Besides the active electrode material, such sample often contains side amorphous compounds, such as carbon black as a conducting additive and polymeric binder [polyvinylidene fluoride (PVDF), carboxymethyl cellulose (CMC) etc.], which contribute to the background of the diffraction pattern making it hard to fit with the conventional polynomial functions. For the electrode mounted on a current collector (typically Al), the diffraction pattern is dominated by strong reflections from the metallic foil, which is often rolled and highly textured causing strong non-uniaxial preferred orientation effects not taken into account by common preferred orientation functions, thus hampering a multi-phase Rietveld refinement. The active electrode material might also consist of two or more phases, as is the typical case for compounds demonstrating a two-phase (de)intercalation mechanism, such as LiFePO 4 (Mu et al., 2016) . Last but not least, only a very small amount of material is often available for the diffraction studies. In a typical test laboratory cell, a few tens of mg of powder are charged, which is not sufficient for high-quality neutron diffraction, whereas powder X-ray diffraction alone has limited sensitivity to lithium and oxygen due to their low atomic numbers. These cumulative problems make it very challenging to do a reliable structure refinement from powder diffraction data of the cathode materials at different states of charge (SOC). On top of that, limitations of powder diffraction in solving complex crystal structures with large unit cell volume and/or low symmetry should be added, originating from extensive reflection overlap, low-signal-tonoise ratio compared to single-crystal diffraction techniques, and often limited reciprocal space coverage.
Structural analysis of the electrode materials with bulk diffraction techniques is often complemented with a local view provided by high-resolution scanning transmission electron microscopy (STEM). Aberration-corrected high-angle annular dark field STEM (HAADF-STEM) is a robust technique of atomic resolution imaging with incoherently scattered electrons where the contrast is sensitive to the average atomic number along the atomic column and scattered electron intensity scales as Z n (n < 2) (Abe, 2003; . Being particularly sensitive to atoms with large Z [i.e. transition metal (TM) cations in the metal-ion battery cathode materials], HAADF-STEM was very helpful in detecting transition metal cation migration between the octahedral and tetrahedral interstices in the layered oxide cathodes (Sathiya et al., 2015; Pimenta et al., 2017; Genevois et al., 2015) , near-surface reconstruction to the spinel and/or rock-salt type structures in layered oxides (Lin, Markus, Nordlund et al., 2014; Boulineau et al., 2012; Xu et al., 2011) , antisite defects in LiFePO 4 triphylite (Chung et al., 2008) and many other local phenomena in the cathode materials at different SOCs. Low-Z elements are virtually invisible in the HAADF conditions, but they can be visualized using a complementary annular bright field STEM (ABF-STEM) technique which registers a mixture of mid-angle Bragg and high-angle incoherent scattering contributions that results in smoother I $ Z 1/3 dependence of the signal on atomic number (Findlay et al., 2009 (Findlay et al., , 2010 . With ABF-STEM the Li and O positions can be viewed directly (Findlay et al., 2017; Wen et al., 2017) resulting in fascinating observations of Li-vacancy ordering in partially charged Li 1-x FePO 4 (Gu et al., 2011) , oxygen sublattice 'dimerization' in charged Li-rich layered oxide cathodes , formation of oxygen vacancies upon high voltage charge (McCalla, Prakash et al., 2015) , atomic structure of the interface between pristine and lithiated Li 4 Ti 5 O 12 anode (Lu et al., 2012) etc.
STEM imaging has its own intrinsic limitations. Although the HAADF-STEM contrast is only weakly sensitive to sample thickness, thin areas are needed for observations with high-signal-to-noise ratio enabling intuitive straightforward interpretation without image simulations (Ishizuka, 2001) . In battery electrodes, thin areas are mostly confined to the surface regions of the crystallites, most affected by the interaction with the electrolyte. ABF-STEM images are even less robust, demonstrating pronounced contrast variation with thickness. For instance, in LiCoO 2 the Li atomic columns can be practically invisible in the thin ($5 nm) region, but pop up in the thicker (15-20 nm) area (Huang et al., 2011) . With increasing thickness, the low-Z column signal gets deteriorated in realistic imaging conditions with an incoherent Gaussian-shaped electron probe (Findlay et al., 2014) . Thus, the STEM techniques cannot provide reliable information on the atomic positions in the 'bulky' parts of the crystallites. This is particularly critical for electrode materials, where the nearsurface atomic structure might differ from that in the bulk because of its direct contact with the electrolyte, causing preferential leaching of certain TM cations, oxygen release and concomitant TM cation reduction. Another significant problem for transmission electron microscopy imaging techniques is the effect of the electron beam on the structure which can cause various effects ranging from structure rearrangements to total amorphization. The most crucial aspect is that the changes induced by electron beam irradiation can mimic the structural changes occurring in the course of the electrochemical cycling (Lu et al., 2015) . Cathode materials in their highest charged state are particularly sensitive to the electron beam, as they are subjected to reduction being immersed into the deep vacuum of the transmission electron microscope column with a constant energy transfer from the electron beam through different mechanisms (knock-on, heating, charging). Even for the pristine layered oxide cathodes the electron beam irradiation introduces reduction of Mn and Co to their divalent state .
In order to close the gap between the bulk and local structural characterization and mitigate the drawbacks of both, one would perform diffraction studies on submicron sized single crystals with a radiation dose that surely preserves the original structure. One such technique is electron diffraction tomography (EDT), recognized for its ability to resolve crystal structures of a broad range of materials from submicron sized single crystals which could hardly be investigated with synchrotron X-ray or neutron diffraction (Kolb et al., 2011; Mugnaioli, 2015; Mugnaioli & Gemmi, 2018) . This is due to electrons interacting much stronger with matter than X-rays or neutrons, as they are scattered by the electrostatic electron crystallography potential created by both the nucleus and the electron cloud (Williams & Carter, 2009 ). The stronger interaction reduces the crystal size necessary for obtaining a diffraction data set with a signal-to-noise ratio suitable for further structure solution and refinement down to a few tens of nanometres (Birkel et al., 2010) , while in case of X-ray or neutron diffraction the crystals need to be in the hundred microns to millimetre range.
The strong interaction of the electrons with the sample also has a drawback, which is the occurrence of multiple scattering. Intensities obtained during X-ray diffraction and neutron diffraction single-crystal experiments can be analyzed using the assumption of single scattering events, giving a clear and simple relation between the reflection intensities and the structure factors. This allows using well established algorithms for the crystal structure solution and an accurate refinement of atomic parameters afterwards. The multiple scattering in electron diffraction makes the intensities dependent on the crystal thickness and orientation, which is usually not known precisely in electron diffraction experiments and which complicates the relation between the observed intensities and the scattering factors. Fortunately, this can be largely circumvented by performing electron diffraction tomography (EDT) (Kolb et al., 2007; Voigt-Martin et al., 1997) which can also be combined with precession electron diffraction (PED) (Vincent & Midgley, 1994) for more effective integration over the range of excitation errors, the combination is referred to as PEDT (Mugnaioli et al., 2009 ). Both (EDT) and (PED) reduce the number of simultaneously excited diffracted beams, which partially suppresses the multiple scattering effects. The obtained electron diffraction data can then allow the reflection intensities to be used for structure solution and refinement. In the case of EDT this is established by collecting a 3D set of reflection intensities from a series of electron diffraction patterns taken at regular angular intervals, starting from a random crystal orientation. The series preferably does not include in-zone electron diffraction patterns as those are most prone to be affected by strong multiple scattering, Alternatively, precession electron diffraction precesses the beam around the optical axis, decreasing multiple scattering also in in-zone patterns. When used with EDT, PED mainly serves to improve the accuracy of the collected intensities by extending the collection range with data in between the chosen discrete angles.
In this review we demonstrate that EDT is an excellent tool for in-depth crystallographic analysis of metal-ion battery cathode materials allowing for determination of the alkali metal positions and occupancy factors, quantification of the transition metal migration and antisite disorder and solution of completely new structures in their pristine state as well as at different states-of-charge. We elaborate on the advantages and proven possibilities of ex situ implementation of EDT, and extrapolate this to discuss future in situ applications. The paper is organized as following: first we discuss the suitability of EDT for structure characterization of specifically chargeddischarged metal-ion battery cathode materials (pertaining crystal size, multiple scattering, influence of the electron beam, . . . ), then we extend this discussion to obtaining EDT data from a crystal cycled electrochemically inside the TEM in a liquid electrolyte environment and finally we will illustrate these different topics with some examples.
Applicability of electron diffraction tomography for structure analysis of the metal-ion battery electrodes
The reduced size requirements of single crystals for electron diffraction, compared to X-ray or neutron diffraction has an important implication for polyanion metal-ion battery cathode materials, which are compounds with the general formula
, CO 3 2À , BO 3 3À ). These materials are generally poor electric conductors (Gong & Yang, 2011) . A commonly used strategy to electrochemically activate these materials on a lab scale comprises nanosizing (for instance, employing the hydrothermal or sol-gel synthesis routes) combined with mixing with conductive carbon additive and/or post-synthesis carbon coating. Nanosizing also shortens the alkali metal diffusion pathways enabling the material to deliver higher power. This way nanocrystals of 50-200 nm in size are obtained that are a perfect match for the EDT requirements. Although for the layered oxide cathodes some (de)intercalation experiments have been performed on single crystals of much larger size of, for example, 3 mm for LiNi 0.5 Mn 0.3 Co 0.2 O 2 (NMC532) (Li et al., 2017) or 6-14 mm for LiCoO 2 (Dahn & Ehrlich, 2011) , the microstructure optimized for battery applications comprises large spherical agglomerates of several microns in size consisting of nanosized primary particles ( Fig. 1) , suitable for the EDT studies.
Small crystallite size for optimal conductivity and easier alkali ion diffusion naturally combines with the requirement of highest possible electrochemical capacity. The theoretical capacity of a cathode material can be calculated using the formula
where C is the electrochemical capacity in units of Ah g À1 , n is the number of electrons transferred in the redox reaction from/to one formula unit and M is the molecular weight of the formula unit. Maximizing the capacity requires minimization of the molecular weight that means that the electrode material should preferably consist of light elements with low Z. The probability of a multiple scattering event is greatly reduced with lower atomic scattering factors of the constituting elements, thus the requirement of high capacity (i.e. low molecular weight) goes hand-in-hand with the applicability of the kinematical diffraction theory for treatment of the EDT data. Besides EDT, also PED on in-zone patterns has been used to solve and refine the LIB cathode materials structure (Hadermann et al., 2011) . However, the increased completeness of reciprocal space coverage for EDT compared to inzone PED and the availability of user-friendly, free software such as PETS (Palatinus, 2011; Palatinus et al., 2019) has made EDT and PEDT the dominating methods for structure determination from electron diffraction at the time this review was written.
Electron diffraction demonstrates a greater ability to detect lithium next to heavier elements compared to X-ray diffraction, because the atomic scattering factors for electrons do not increase as rapidly with Z as the atomic scattering factors for X-rays. Vainshtein et al. (1992) formalized this as w ED =w XRD = ½Z heavy =Z light 1=2 , with w ED and w XRD being the detectability of the light atom in the presence of the heavy one by electron and X-ray diffraction, respectively, and Z heavy and Z light the atomic numbers of the involved elements. For example, in LiCoO 2 with Z Li = 3 and Z Co = 27, lithium will be three times as easily detected using electron diffraction data than using X-ray diffraction data. This improved detectability gives accurate occupancy factors for known lithium positions and allows difference Fourier maps to be used to detect new lithium positions which might originate due to electrochemical cycling.
Last but not least, the requirements for the specimen preparation for EDT experiments are not very demanding. The active material can be scraped off from the current collector, dispersed in a mortar under anhydrous solvent and deposited onto a carbon-coated TEM grid. The selection of the solvent should be done with care as to avoid unwanted redox reactions. For highly charged materials the electrochemical stability window of the solvent used for the specimen preparation should not be narrower than that of the electrolyte used in the electrochemical cell. Possibly, the best choice is the same electrolyte solvent as used for the electrochemical cycling. The materials extracted from the cells should be handled in an Ar-filled glove box and a hermetically closed sample holder should be used for safe transfer of the specimen from the glove box to the microscope column without contacting air.
From the consideration above, it appears that EDT is a perfect tool for crystallographic studies on metal-ion battery electrode materials, and this will further be exemplified with the case studies. But first more attention has to be devoted to the analysis of the electron beam damage at the EDT conditions and comparison with that for atomic resolution STEM imaging techniques.
Electron beam damage in imaging and diffraction studies of the metal-ion battery electrodes
The main mechanisms for electron beam damage in case of metal-ion battery cathode materials are probably knock-on damage, radiolysis and heating (Lu et al., 2015; Egerton et al., 2004) . Knock-on damage can most easily create vacancies by displacing the light atoms, alkali cations and oxygen, through a head-on collision with the high-energy electrons in the electron beam. In the cathode materials, the alkali cations are characteristically only weakly bonded and have low energy barriers for jumping between the neighboring positions to ensure good diffusion that further increases the probability for knock-on damage. Radiolysis involves breaking the chemical bonds by inelastic electron-electron interactions, followed by ejection of atoms. In the cathode materials, specifically, this can result in reduction of the transition metal cations, accompanied by creation of oxygen vacancies . The materials in the charged state are expected to be more prone to beam damage because atoms in the proximity to the electrochemically created vacant sites are easier to displace (Hobbs, 1987) . As a result of the energy losses of the electrons in the interactions, the material also heats up. The effect of heating might be particularly severe in polyanion cathode materials as they are typically good insulators with poor thermal conductivity.
Systematic studies were made on the effects of the electron beam on lithium-ion battery cathode materials by and Lu et al. (2015) . The Fourier transforms of a time series of HAADF-STEM images (300 kV, 36 pA per pixel, dwell time 6 ms, frame time 7.55 seconds per frame) shown in the paper by Lin et al. evidence intensity differences, and thus structural changes, already between the first two images of LiNi 0.4 Mn 0.4 Co 0.18 Ti 0.02 O 2 particles after 20 electrochemical cycles within the 2.0-4.7 V potential range versus Li + /Li. Lu et al. further remark that electron beam irradiation (dose rate 1.12 Â 10 4 electrons Å À2 s À1 at 200 kV) results in the same structural transformations as electrochemical cycling in the case of Li 1.2 Ni 0.2 Mn 0.6 O 2 and point out that some of the claims on a structure of the reconstructed surface layer formed during electrochemical cycling could be due to electron-beam irradiation damage instead.
Recurring advice to reduce electron beam damage is to lower the voltage and increase the acquisition speed to perform atomic resolution imaging on lithium-ion battery cathode materials . Indeed, the aberration-corrected electron optics allows lowering the acceleration voltage without substantial decrease in the attainable resolution. A detailed discussion of the effects of operating voltage on electron beam damage and resolution is given by Egerton (2014) However, to the best of our knowledge there are no systematic studies supporting the proposal that decreasing the voltage for TEM applied to the cathode materials effectively reduces the damage. In general, a lower voltage would decrease the knock-on damage; however, lithium has an anomalous atomic displacement cross section curve, which sharply increases at $30 kV, but then decreases again as shown by Wang et al. (2011) and Rossell et al. (2009) for elemental LiC 6 and Al 3 Li. Thus, a 60-80 kV electron beam would cause more damage than a beam at 200 kV. Furthermore, also the radiolysis damage increases with lower voltage in inorganic materials according to Hobbs (1987) .
The damage induced with a specific TEM technique depends not only on the total electron dose (e À Å À2 ) but also the electron dose rate (e À Å À2 s À1 ). Decreasing the dose rate decreases the damage by allowing the heat transferred to the sample from the electrons to dissipate (Jiang & Spence, 2012) and because isolated bond breaking could be healed . In literature, most current structural investigations use STEM imaging at atomic resolution. Typical STEM imaging conditions would imply an electron dose rate about 100 e À Å À2 s À1 (Phillips et al., 2014) . High-resolution STEM imaging can also be performed at low total doses, albeit with a reduction of the resolution: a study by Buban et al. (Buban et al., 2010) showed that a dose of $30 e À Å À2 allows obtaining images with a spatial resolution of 2.0 Å . An alternative to reduce the effect of the electron beam is to use electron diffraction instead. Quantitative electron diffraction experiments can be carried out at very low electron dose rates of 0.4 e À Å À2 s À1 (Palatinus et al., 2017) , which is about 250 times smaller than the conventional electron dose rate use in high-resolution STEM imaging. These electron dose rates are applicable when using CCD cameras as detectors. Using direct electron detectors, the electron dose rates will drastically decrease concomitantly for both the STEM and the EDT technique (Georgieva et al., 2011). 4. Solution of the structure of charged and discharged cathodes from in situ obtained EDT data
The small size sufficient for electron diffraction implies that an electrochemical cell can be used where a nm-sized crystal of the active material can be placed in direct contact with the electrode, in a liquid electrolyte environment, and charged and discharged without a need for binder or supplementary conductive material. (Liu et al., 2012; Wang, 2015) This opens interesting routes for the structure determination of metal-ion battery cathode materials from EDT data obtained after charging or discharging the material in the electrochemical cell without a need to remove the sample from its environment, i.e. data obtained in situ. Several commercial TEM holders are available that consist of a closed cell to encapsulate the liquid, ensuring electron beam transparency by using silicon nitride windows, with built-in electrodes to apply a potential enabling galvanostatic measurements and voltammetry.
A large amount of review papers are available on in situ TEM experiments on metal-ion battery cathodes in liquid electrolyte (Liu et al., 2012; Woods et al., 2019; Wu & Liu, 2018; Wang, 2015; Taheri et al., 2016; Tripathi et al., 2018; Yuan et al., 2017; Wu & Yao, 2015) ; however, in none of the available literature the crystal structure is determined from data obtained on a compound remaining in situ after chargedischarge. So far, the documented TEM experiments performed using an electrochemical cell filled with liquid electrolyte are limited to imaging experiments with low resolution. This is because the thick liquid layer worsens the resolution by extra scattering of the electrons and by beam spreading, causing delocalization (Holtz et al., 2014) . On top of that, the electrolyte is usually very beam-sensitive (Abellan et al., 2014) , necessitating low-dose imaging conditions. Atomic resolution in a liquid environment can be achieved when the liquid layer can be made sufficiently thin, such as in graphene liquid cells, as demonstrated on colloidal Pt nanocrystals (Yuk et al., 2012) . Unfortunately, the graphene liquid cells do not allow electrochemical cycling, but only simulating electrochemical reactions by interactions with the electron beam. To mimic the conditions of the metal-ion battery, it is necessary to incorporate electrodes into the cell. The whole system of electrodes and spacer layers resulted so far in thicker cells in the available commercial holders, typically containing a liquid layer of minimally 500 nm in thickness when filled, which even expands to $1000 nm by the pressure difference between the inside of the cell and the vacuum of the microscope column (Holtz et al., 2013) . However, Denssolutions recently commercialized an electrochemical cell for use in the TEM that has only a 200 nm spacing between the windows. This might allow taking atomic resolution images at different SOCs. At the moment of writing this review paper, no atomic resolution images were found yet in literature that were obtained in a liquid-filled electrochemistry cell.
Even though the recent thinner cell holds a lot of promise, we expect that tracking the changes that occur in the crystal structure during cycling might still be very challenging from atomic resolution imaging in liquids. To obtain atomic resolution, it is necessary to have close to perfect in-zone orientations, which usually requires a holder with two tilt axes, which so far seems to be incompatible with existing configurations of liquid environment electrochemistry holders. Furthermore, in case of complex structures like for metal-ion battery cathode materials, not one, but several well oriented in-zone images will be necessary, since a single projection rarely shows all necessary crystallographic information. One could argue that, as for the colloidal nanocrystals mentioned above, it is possible to find the correct zones among randomly oriented crystallites if there are many crystallites available. However, the state of charge might slightly differ depending on the proximity of the particle to the electrode of the cell and many metal-ion battery cathode materials even inherently cycle with a two-phase process (Ariyoshi et al., 2004; Mu et al., 2016; Drozhzhin et al., 2016) . Combining direct space imaging data from different crystals will give incorrect results in such case.
A second aspect is the sensitivity of the charged and discharged cathode materials and the electrolyte to the electron beam. For determining the structure at different stages of the cycling process, the system needs to be exposed to the beam at each studied stage. Already for single images in conventional TEM imaging settings, literature warns about the severe precautions necessary for making sure the observations really reflect electrochemically induced changes and not electron crystallography Acta Cryst. (2019). B75, 485-494 caused by beam damage Lu et al., 2015) . For characterizing the evolution of the structure from in situ acquired TEM data, repeated exposures will be necessary, plus the situation will be worsened with beaminduced degradation of the electrolyte and contamination of the sample surface by the degradation products (Karakulina et al., 2018; Abellan et al., 2014) .
Again EDT might offer the solution since it does not need a specific crystal orientation, and is thus compatible with a single tilt sample holder, and can be performed with a much lower electron dose to avoid degradation of the electrolyte on top of the previously mentioned reduction of other beam damage effects. The drawback of EDT is that a tilt series is needed to maximize the reciprocal space coverage, implying a large amount of patterns. This implies a long cumulative exposure time and a preference for configurations that allow high-tilt angular range.
In all commercial electrochemistry TEM holders, the available tilt range is rather limited, not surpassing AE30 and, as already mentioned, only a single tilt axis is available. In practice, the range can be even lower depending on the distance between the pole pieces of the objective lens in the microscope used. Fortunately, unlike data for electron tomography (direct space 3D object reconstruction through the series of projected images), for electron diffraction tomography, datasets from two or more different crystallites can be combined together, if necessary. For structure solution, only ranking of the intensities is required (Klein & David, 2011; Eggeman & Midgley, 2012) , which allows structures to be solved even from snapshots of random crystals, avoiding the scaling completely by using rank aggregation to optimize the most likely reflection ranking (Smeets & Wan, 2017) . For the subsequent refinement, on the other hand, high-quality intensities are necessary. Intensity scaling between the different datasets is then a refineable parameter, as implemented by Hadermann et al. (2012) for separate precession electron diffraction patterns to refine the structure of LiBH 4 , and which can be extended to scaling of full EDT datasets, being, after the reconstruction, still only intensity versus hkl lists. In such case, for EDT datasets, there will in general be enough common reflections to allow the scaling for kinematical refinement. Since in the dynamical refinement the scale of each frame is refined separately, the issue of scaling between datasets from different crystals is non-existent in that case.
Nevertheless, it was demonstrated that even with the data collected within a limited angular range of 60 it was possible to effectively solve and refine the structures of pristine (x = 1) and charged (x ' 0) Li x FePO 4 using in situ EDT experiments in an electrochemical TEM cell (Karakulina et al., 2018) .
The beam exposure could be further lowered to allow more data sets before the cell degradation, by continuous rotation instead of step-by-step tilting (Gemmi et al., 2015; Nederlof et al., 2013) or by using a beam blanker between exposures. Continuous rotation electron diffraction tomography (also called 'fast electron diffraction tomography') will reduce the exposure time to a few minutes. Since the experiment on LiFePO 4 (Karakulina et al., 2018) showed that the degradation of the electrolyte did not cloud the data upon an hour-long weak beam exposure, this would mean many data sets can be acquired on the same crystal at different stages of cycling. For continuous rotation, the position stability of the sample stage has to be optimized for the selected holder or specific software needs to be used to reposition the crystal .
The alternative to continuous tilt is using a beam blanker between exposures, deflecting the beam to a position away from the particle. Not all TEMs offer this possibility, it can depend on the camera, and also the Digistar precession unit offers this possibility. Blanking the beam allows the area around the targeted crystal to relax and dissipate heat, and also reduces the cumulative exposure time by the time used to tilt the sample and by the read-out time of the camera. Since the beam is not off, but only deflected, part of the electrochemical TEM cell is still exposed to the beam, it depends on the TEM configuration and the electrochemistry holder used whether the blanked beam is still located on the electrolyte. With the beam blanking alternative, one can choose to reposition the crystal at the cost of a few extra seconds of exposure from time to time.
The electrochemical cycling with the electrochemistry holders can also be performed outside of the microscope, which allows collecting datasets after a large number of cycles.. Conductive material can be added for EDT experiments since it is amorphous and produces only weak diffuse rings which do not interfere with determining the structure from the sharp Bragg reflections (Karakulina et al., 2018) .
5.
Examples of application of EDT for structure analysis of metal-ion battery cathode materials 5.1. Refining the occupancies of the lithium sites Using the olivine-structured LiFe 0.5 Mn 0.5 PO 4 the correlation has been drawn between the amount of electrochemically extracted lithium and the occupancy factor of the Li position refined from ex situ EDT data . Three samples were studied -the pristine one, charged to 3.7 V versus Li + /Li (within a solid solution region at 50% SOC) and charged to 4.2 V (near the end of second two-phase region at the end of charge). The refinement of the occupancy factors for the Li position provided surprisingly good agreement with the electrochemical data. For the pristine and half-charged materials, the refinement revealed g = 0.94 (6) and 0.54 (7), respectively, whereas at the end of charge the Li occupancy was nearly zero within the standard deviation [g = 0.14 (11)]. Simultaneous refinement of the atomic coordinates allowed the analysis of the (Fe,Mn)-O bond lengths and polyhedral distortion during electrochemical oxidation of Fe 2+ and Mn 3+ to their trivalent states.
Detecting new lithium sites
In the previous example, Li + cations reside at the inversion centers of the LiFe 0.5 Mn 0.5 PO 4 structure with the fixed atomic coordinates for the whole range of SOC. However, Li + cations electron crystallography can also appear at new unforeseen crystallographic positions, particularly if other alkali cations are electrochemically replaced with Li. Using EDT, these new lithium positions can be reliably detected. For example, for (K,Li)VPO 4 F (Fedotov et al., 2016) , synthesized by cation exchange of K + for Li + , EDT showed that upon discharge, lithium does not simply occupy the K-vacancies created during charge, but took up a new position in the unit cell (Fig. 2) . As demonstrated with EDT, in the pristine KVPO 4 structure the K + cations were present in two distinct crystallographic sites, one of which completely emptied upon charging. After discharge, lithium was not detected in this K vacant 9-coordinated position, but in a new position with a distorted [4+2] oxygen coordination environment with four short Li-O distances of 1.99-2.14 Å , besides also sharing the site still partially occupied by K. Indeed, smaller coordination number is preferred for the Li + cation due to its smaller ionic radius (0.76 Å ) compared to that of K + (1.38 Å ).
Still, for a more challenging case (see below) that included heavy elements, Li 1-x RhO 2 , the few remaining lithium cations in the chemically and electrochemically delithiated compounds could not be detected using difference Fourier maps from EDT data. In this case, lithium was placed in tentative positions using Monte Carlo optimization in direct space (Mikhailova et al., 2016) .
Refining mixed occupancy at TM/Li sites
EDT allows accurate tracking of the transition metal migration to lithium sites that can occur upon Li electrochemical extraction and subsequent occupation of a fraction of the transition metal cation positions with Li + resulting in antisite defects. Such cation exchange might cause a capacity fade of the LIB cathode material. When the cation exchange is even slightly irreversible, the antisite defects tend to accumulate with the number of charge-discharge cycles that can end up blocking the lithium diffusion pathways (Fig. 3 ) (Sathiya et al., 2015; Kleiner et al., 2018) .
A formation of antisite defects was studied for the polyanion LIB cathode material Li 2 FePO 4 F obtained by electrochemical replacement of Na for Li in NaLiFePO 4 F. Structure analysis from EDT data showed massive antisite disorder after merely ten cycles, with up to 40% antisite occupancy (Li at Fe sites or Fe at Li sites) for some positions. This was compared to analogously cycled and characterized LiFePO 4 , where no formation of antisite defects was detected at the same cycling conditions. The large difference in occurrence of antisite defects was explained by the occurrence of so-called 'dangling' or 'semi-labile' oxygen atoms in the PO 4 groups in Li 2 FePO 4 F, i.e. the oxygens only connected to three Li + one P 5+ cations and not directly linked to iron. Severe underbonding of these oxygens upon Li removal requires the migration of iron to the former lithium site to compensate for the loss of bond strength. In LiFePO 4 this compensation is not necessary as all oxygens are bonded to the iron cations.
Solving new structures
Single crystal EDT data are of great help if new crystal structures obtained in the course of chemical synthesis or at different SOCs in the electrochemical cells have to be resolved, but ab initio structure solution is prohibited by limitations of powder diffraction, as discussed above. Dynamical distortion of the diffracted intensities seems to be not a serious obstacle for the structure solution with direct methods as illustrated by tests on intentionally deteriorated diffraction datasets (Klein & David, 2011) . Here we illustrate the abilities of EDT in solving the hitherto unknown structures with two examples of crystallographically distinct materials: the potential polyanion cathode material for the K-ion batteries KMnCO 3 F comprising elements with moderately low Z (crystallographic density = 3.01 g cm À3 ), and the oxide cathode for Li-ion batteries LiRhO 2 with relatively 'heavy' Rh (crystallographic density = 6.18 g cm À3 ). For KMnCO 3 F the reciprocal space was scanned with 1 step in the 73 angular range ($41% coverage) and the integrated intensities were Pristine KVPO 4 F (left side schemes) loses one K site upon charging, and after discharging (right side) the other K site is shared with Li, while Li also takes up a new, square-coordinated position. Sites occupied purely by K are indicated in red, mixed Li-K positions in orange, and pure Li positions in yellow, the green polyhedra are VO 6 octahedra, the orange ones PO 4 tetrahedra.
Figure 3
Left, a schematic representation of an example of pristine layered metalion battery cathode materials, with TM-O 6 octahedra in green and LiO 6 octahedra in yellow; middle, the delithiated compound; right, TM cations can migrate to the empty Li positions. used for structure solutions with a charge flipping algorithm (Rousse et al., 2017) . The solution revealed the scattering density distribution correctly reflecting all atomic positions in the unit cell and the symmetry analysis of the scattering density provided the correct space group (Fig. 4) . The correctness of the structure model has been confirmed later with the Rietveld refinement from joint synchrotron X-ray and neutron powder diffraction data.
For LiRhO 2 the structural difference between the materials in charged and discharged states could only be resolved with EDT. (Mikhailova et al., 2016) LiRhO 2 is isostructural to LiCoO 2 and retains the layered O3-type structure upon 50% SOC, but on further Li extraction new reflections in the in situ synchrotron X-ray diffraction patterns indicate the structural rearrangement. In contrast to the previous case, the charge flipping algorithm applied to the EDT data (1 step in the 80 angular range) allowed locating only the heaviest (Rh), whereas the oxygen atoms were found using serial difference Fourier mapping. Tentative positions of the Li cations could not be retrieved from the EDT intensities alone; they were found using Monte Carlo based structure optimization with three cost functions: antibump (i.e. prevention of the short Li-O distances), bond valence sum and agreement between the experimental and calculated EDT intensities. The charged structure is an unexpected combination of rutile and ramsdellite type tunnel structures instead of a layered structure (Fig. 5) . From supporting HAADF-STEM images, the transformation route could be proposed, involving a massive migration of transition metal cations into the lithium positions, followed by reformation of the TM-O bonds creating a different ordering pattern of the octahedra. Using the structure solved from EDT data, the in situ synchrotron XRD patterns could be refined as a mixture of the layered and the tunnel structure, showing that the transformation was partially reversible.
EDT helps to resolve long-standing controversies and reveal the true structure of some previously erroneously characterized materials, such as Na 0.31 MnO 2 (Mugnaioli et al., 2016) . This compound was previously believed to have romanechite type structure (Parant et al., 1972) until EDT showed a different and more complex framework with apparent Mn 3+ -Mn 4+ charge ordering. The structure was subsequently refined from laboratory and synchrotron powder X-ray diffraction and from PEDT data with dynamical refinement. Only the refinement using PEDT data shows the expected Jahn-Teller distortion connected to the presence of Mn 3+ ions. The paper also points out that the results obtained using PEDT are comparable in precision to those obtained with the synchrotron X-ray powder diffraction data.
Conclusion and future outlook
Structure determination by ex situ EDT on electrochemically cycled materials allows obtaining single-crystal diffraction data that cannot be achieved from other diffraction techniques so far. Even being treated in a simplified kinematical approximation, the EDT experiments permit identifying the main structural changes, detecting new lithium sites, refining the occupancy of lithium sites, and tracing transition metal cation migration and variation of interatomic distances. Regarding the spatial scale, EDT performed on sub-mm sized crystals perfectly fills the gap between the 'bulk' X-ray and neutron diffraction techniques and atomic resolution (S)TEM imaging applied to the areas of dozens of nm. Further improvement of the EDT methods is naturally related to progress with data collection procedures, diminishing the electron beam damage, and to rigorously taking into account the dynamical diffraction that is proven to greatly enhance the reliability and precision of the obtained crystallographic data (Palatinus et al., 2013 (Palatinus et al., , 2015 .
Collecting these data in situ at each chosen state of charge will make it possible to refine the crystal structures of the electrode materials in the real electrochemical environment, under applied potential. It will allow tracking the changes in the crystal structure of a single crystal as a function of the charge-discharge cycling. This can supply new details on the (de)intercalation of alkali cations and give new insights into degradation mechanisms. Doing these studies in situ prevents 3D scattering density map as it appears from charge flipping structure solution of KMnCO 3 F from the EDT data and the corresponding crystal structure as refined with the Rietveld method from synchrotron X-ray and neutron powder diffraction data.
Figure 5
LiRhO 2 transforms from the pristine layered structure (left) on charging to a rutile-ramsdellite tunnel structure (middle), which is partially reversed to a layered structure upon discharge (right). relaxation of the electrode material which can occur in the ex situ studies between the electrochemical treatment, extraction of the electrodes from the cell, TEM specimen preparation and insertion into the microscope (Harks et al., 2015) , and will conclusively differentiate between effects of the electrochemical cycling and other origins of structural deviations in the crystals, which cannot be done obtained data (Phillips et al., 2014) .
